Purpose: To describe how to make a swine hemodialysis fistula model and report our initial experience to test the feasibility of endovascular radiation therapy with Holmium-166 filled balloon catheters.
INTRODUCTION
For patients undergoing hemodialysis, vascular access failure of the arteriovenous native fistula or graft is a vexing problem. Major causes for this include venous stenosis or occlusion due to neointimal hyperplasia. While much effort has been put to reduce the incidence of neointimal hyperplasia with various methods, none of them have been effective clinically (1-3). For hemodialysis related to venous stenosis, percutaneous endovascular treatment has become an accepted alternative to surgical reconstruction, with a high success rate and prolonged patency (4) . Among other alternative treatments, endovascular radiation therapy has been shown to decrease neointimal hyperplasia in an animal model (5) and was applied to coronary or peripheral arteries following balloon angioplasty for the treatment of stenosis (6, 7) . However, a limited number of reports have been published concerning the effect of endovascular radiation therapy on venous steno- length longitudinal incision at the common carotid artery, the end of the dissected internal jugular vein was anastomosed to the side of the common carotid artery bilaterally, using a 6/0 polypropylene suture. The fascia and skin were sutured using a 3/0 Dexon silk. All the experimental animals were given aspirin at a daily dose of 325 mg persistently starting a few days before the surgery to prevent thrombus formation.
Angiography of Arterio-Venous Fistula
Four weeks following the formation of an AVF, an angiography on the AVF was performed to confirm the maturation of veins in experimental animals. Following the same systemic anesthesia used in the previous fistula formation, the femoral artery was surgically exposed and an 8-French (F) introducer sheath was inserted using the Seldinger method. The distal end of the introducer was placed in the aortic arch and a 5-F catheter progressed through the introducer sheath to the anastomosis site of the AVF. Following the infusion of angiographic contrast media, the angiography of AVF was performed to examine the shape of the fistula and the veins. Following this, the diameter of the veins was measured.
Internal Radiation Therapy
After finishing the angiography, endovascular irradiation was applied using Holmium-166 filled balloon catheter at the vein segment at 3 cm distal to the anastomosis, which is known as the most vulnerable site of venous stenosis for an AVF. The diameter and length of the balloon catheter measured 6 mm by 4 cm, respectively.
On the morning of the very experimental day, Holmium-166 was prepared by the dissolution of distilled water and The target radiation dose was set at 20 Gy, which has been known to be the optimal dose of the internal radiation therasis of hemodialysis fistula.
Animal models, which are appropriate for various interventional treatments, have recently been developed. The conditions of animal models which are appropriate for the prevention of vascular access stenosis include the histopathologic changes of lesions which are similar to those of human subjects, as well as the prompt progression of stenosis. Besides, the reactions ensued following the damage to vascular access must be similar to those seen in human subjects (8) . To date, animal studies pertaining to hemodialysis access have many things to determine, such as the kind of subject animal, optimal artery and vein for arterio-venous fistula (AVF), and the details of surgical techniques for creating an AVF (9) . Furthermore, most of the animal studies were performed on arteriovenous grafts and its in vivo environment is different from AVFs which use native vessels.
The purposes of this study are to describe how to make a swine hemodialysis fistula model and to report our initial experience in testing the feasibility of endovascular radiation therapy with Holmium-166 filled balloon catheters.
MATERIALS AND METHODS

Experimental Animals
Experimental animals used for this study were six pigs weighing approximately 30 kg, which were raised for about three months.
The Formation of an Arterio-Venous Fistula
After inserting an endotracheal tube, experimental animals were anesthetized using xylazine, telazol, and atropine, and maintained using 1-3% isoflurane. In the first two experimental animals, the anastomosis between the iliac artery and vein was attempted. In these animals, however, it was confirmed that the iliac arteries and veins were not appropriate for the formation of an AVF because the location of the vessels were too deep and the artery and vein were remotely present. Consequently, we used the common carotid artery and internal jugular vein. Both sides of the common carotid arteries and internal jugular veins were exposed to a 8-10 cm longitudinal incision made anteriorly to the neck of pigs and vascular control was obtained with the use of coronary bulldog clamps tivity of 200 mCi/1 mL was 3.6 minutes.
Histologic Analysis
Each animal was sacrificed at 4 weeks after the radiation.
Prior to sacrificing each experimental animal, the cervical area was incised, thereby exposing the AVF. After sacrificing the experimental animals, the venous sides of the AVFs were resected and then fixed in a 10% formalin solution. The outer appearance of the veins was grossly examined based on a gross photograph and then embedded in a paraffin block.
These paraffin-embedded blocks were sectioned and then prepared into tissue sample. Following the hematoxylin-eosin staining, light microscopy was performed for a histopathologic analysis.
RESULTS
The surgical formation of AVF was successful in 11 of 12 sides of the necks of experimental animals (92%) (Fig. 1) , and a thrill was palpable at the venous limb of the AVFs immediately after the surgery. One case of surgery failed because the diameter of the vein was too small (2 mm) to be sutured with the arterial wall. All the animals survived during the entire experimental period without any morbidity.
On angiography taken 4 weeks after the formation of the AVF, total occlusion was observed in 2 of 11 veins. In 2 other veins, significant stenosis (stenosis greater than 50% of diameter) was identified ( Fig. 2) and a balloon catheter could not be passed through the stenosis. Therefore, internal radiation could not be performed as scheduled for those 4 AVFs. The causative factors for the occlusion and the significant stenosis were unknown. The seven remaining AVFs ensured a sufficient lumen of the venous limb to advance a balloon catheter. However, they also showed irregular strictures of the venous limbs with non-uniform diameters from 3 mm to 8 mm and all the strictures were located at the juxta-anastomosis segment of the venous limb about 10 cm within the anastomosis site. Consecutive endovascular radiation was successfully given on venous limbs of 5 of 7 patent AVFs, and 2 AVF was spared for the control. On histologic examination taken 4 weeks later, 1 of 2 non-radiated control AVFs was totally occluded and the light microscopic findings depicted obliterapy for coronary arteries (10, 11) . The radiation dosimetry was calculated by establishing the radiation source using a phantom and then directly irradiating it to the object. The object was made with thermoluminescence material and the radiation absorption dose was directly measured. To achieve this, a radiochromic film (Gafchromic MD55-2, ISP Technologies Inc., Wayne, NJ, USA) and videodensitometer (WP700, Wellhöfer Co, Schwarzenbruck, Germany) were used and the calibration curve of optical density depending on the radiation dose was obtained. Using this relationship, after the radioactivity of Holmium in a balloon catheter with a diameter of 6 mm was obtained according to a radiation dose of 20 Gy, the following table was prepared (12) ( Table 1) . Then, the target radiation dose was irradiated to each experimental animal.
For example, to irradiate 20 Gy to a 0.5 mm depth from the surface of a balloon catheter, the time of irradiation with a balloon catheter filled with Holmium-166 solution with a radioac- 1 . Photograph of the arteriovenous fistula in a pig. After cutting the distal end, internal jugular vein (arrow) was sutured to the common carotid artery using the end-to-side anastomosis method.
tion of the venous lumen by neointimal hyperplasia, which consisted of the proliferation of the smooth muscle cells, extracellular matrix, and the formation of the microvessels. A histologic analysis of other AVFs also showed neointimal hyperplasia consisting of similar microscopic structures to the obstructed AVF (Fig. 3) .
DISCUSSION
Mean patency rate of AVFs for hemodialysis in patients with chronic renal failure is known to be about 2.9 years and, Of these studies, the endovascular radiotherapy has been examined actively to prevent the neointimal hyperplasia in the relevant clinical areas dealing with the heart, peripheral artery, and AVF (16) . The known mechanisms are the suppression of cellular proliferation, the inactivation of cells, the decreased synthesis of extracellular matrix, and the inhibition of cellular migration. According to the study about endovas- Fig. 2 . Angiogram of the arteriovenous fistula of the pig. After placing a 5F catheter at the common carotid artery, 15 mL of contrast material was injected at a rate of 5 mL/second. Bead-like multifocal stenoses are noted in venous side just below the arteriovenous anastomosis site of the fistula. and internal radiation therapy were successful. All of our pig models showed the strictures of the outflow veins on the angiograms taken 4 weeks after the formation of the AVFs and the strictures were located at the proximal outflow veins, which were very similar to those seen in human subjects.
Holmium-166, which was used as the radioactive substance in our study, is produced by the irradiation of neutrons to
Holmium-165 in a nuclear reactor. Holmium-166 is made up of 95% beta rays (Emax = 1.84 MeV, half-life = 26.9 hours) and 5% gamma rays (0.081 Mev, 1.38 MeV), so it provides a powerful energy corresponding to Y-90. In addition, Holmium-166 has a mean radiation depth of 2.3 mm and then can be used safely without an injury to the adjacent tissue (12) .
Holmium-166 could be feasible radioactive material for the endovascular radiotherapy of AVF.
In the current study, the blood vessels of pigs were assumed to be cylindrical in shape and the radiation dose of Holmium-166 within 0-0.5 mm of the surface of target organ was calculated. The radiation dosimetry used in this study was measured by establishing the radiation source using a balloon catheter and then directly irradiating the target. To measure the radiation dose, the ionization chamber or thermoluminescence material were installed in the target area (12, 20) . Based on these data, the amount and time of irradiation for the target radiation dose were determined (21). For the effective internal radiation therapy using radioactive isotope, it is essential to accurately measure the radiation dose. In the current study, Holmium-166 was irradiated within the blood vessels and the radiation dose was therefore accounted for based on the hypothesis that it is homogeneously distributed in the venous wall. However, it is impossible for the calculation of radiation dose to be accurately matched to human organs with no definite morphology (22, 23) . To date, radioisotope -based reports about the treatment of tumor and arthritis have alluded to problems with the inaccuracies of radiation dosimetry. In most studies, the radiation dosimetry was identical to what was used for the previous experiences or other studies.
For the clinical use of Holmium-166 in endovascular radiation therapy, fundamental studies about the measurement of radiation dose must be supported in various non-standardized human organ models.
In conclusion, the formation of an AVF between the carotid cular radiotherapy using Ir-192 in cardiac artery (Scripps Coronary Radiation to Inhibit Proliferation Post Stenting; SCRIPPS), the neointimal hyperplasia was decreased in approximately 70% of total cases (17) . A Beta Energy Restenosis Trial (BERT) reported that the neointimal hyperplasia was de-(BERT) reported that the neointimal hyperplasia was de-BERT) reported that the neointimal hyperplasia was decreased in more than 50% of patients who underwent treatment using Sr-90 for the cardiac artery (18) . Our protocol included methods of the formation of the fistula, performing angiography, and endovascular radiation, which could be helpful to forthcoming studies. We think four week intervals between the formation of the AVF and radiation treatment are needed for further modifications to make uniform fistula and to avoid unexpected occlusion of the fistula for the optimal experiment.
Initially, we tried to create an arterio-venous anastomosis between the pig iliac artery and iliac vein. However, we failed because the vessels were too deeply embedded and remotely separated. Consequently, the pig carotid artery and jugular vein were selected for a formation of AVF and they had a relatively superficial location for easier dissection and exposure, which provided the proper distance for an end to side anastomosis. Their diameters were enough for the free passages of the introducers, angiographic catheters, and balloon catheters.
The technical success rate of the formation of AVFs was 92%
and all the percutaneous procedures including angiograms
